This work presents results of studies of the structural features of nanocrystalline doped Ce 1-x Me x O 2-y samples (Me = Sm, Bi, Gd; x = 0-0.5) prepared via the polymerised precursor (Pechini) route by using a combination of diffraction (XRD, TEM, WAXS on SR) and spectroscopic (EXAFS, Raman, FTIRS of lattice modes, XPS, SIMS) methods.
INTRODUCTION
Nanocrystalline ceria doped with low-valence cations is known to possess a high oxygen-ion conductivity due to the presence of anion vacancies [1] . This makes ceria-based systems attractive for various applications like intermediate-temperature solid oxide fuel cells [2] , electrochemical oxygen pumps and components of oxygen-conducting membranes [3] , catalytic systems for partial oxidation of methane or other hydrocarbons to syngas [4] , etc. These applications are due to the possibility of easy sintering into mechanically strong dense ceramics as well as specific defect/transport properties associated with high surface/grain boundary areas. However, only little is known about the specificity of the real/defect structure of nanocrystalline doped ceria due to difficulties of its characterization by traditional diffraction methods.
The aim of this paper is the study of the real/defect structure of ceria doped with Bi, Sm and Gd cations by using more sophisticated diffraction and spectroscopic methods.
EXPERIMENTAL DETAILS
Dispersed samples of ceria-based solid solutions with Sm, Bi or Gd content in the range of 10-50 at.% were prepared by a polymerized complex precursor route as in [5, 6] and calcined at 500 o C. Samples were characterized by X-ray Diffraction (XRD), Transmission Electron Microscopy (TEM), Wide-Angle X-ray Scattering (WAXS) on synchrotron radiation (SR) as well as by spectroscopic methods such as Extended X-ray Absorption Fine Structure Spectroscopy (EXAFS), Raman, Fourier -transform Spectroscopy of Lattice Modes (FTIRS), X-ray Photoelectron Spectroscopy (XPS), and Secondary Ions Mass-Spectrometry (SIMS).
XRD experiments were performed using an URD-6 diffractometer with monochromatized Cu K α radiation, and a JEOL JEM-2010 transmission electron microscope operating at 200kV was used for TEM studies [6] . The EXAFS spectra of the Ce-L 3 , Sm-L 3 , Gd-L 3 and Bi-L 3 edges were obtained at the EXAFS Station of the Siberian Synchrotron Radiation Center. The storage ring VEPP-3 with an electron beam energy of 2 GeV and an average stored current of 90 mA has been used as the source of radiation. The X-ray energy was monitored with a channel cut Si(111) monochromator. All the spectra were recorded under transmission mode using two ionization chambers as detectors. The harmonic rejection was performed by using a gold mirror. The EXAFS spectra were analysed using standard procedures [7] . FTIRS of lattice modes experiments were carried out on a BOMEM MB-12 IR-Fourier spectrometer in the 4000-250 cm -1 wavenumber range. Raman spectra were recorded with a Raman Fourier spectrometer 100/S Bruker. XPS measurements of Gd-doped ceria samples were performed with a VG ESCALAB HP spectrometer using Al K α radiation. Powder samples were pressed into spoon-like copper sample holders and treated with oxygen (exposure for 1 h to 5000 Pa O 2 at 400° C) in the preparation chamber of the spectrometer before spectra were measured at room temperature. SIMS experiments were carried out as described in Ref. [8] where the signals at m/e values of 140 and 160 were assigned to secondary ion currents of cerium and gadolinium ions, respectively. Oxygen mobility up to 700 o C was estimated by using isotope exchange both in dynamic and isothermal conditions [9] .
RESULTS AND DISCUSSION
As revealed by powder X-ray diffraction, all of the doped ceria samples are single-phase fluorite-like solid solutions. The lattice constant increases approximately linearly with the dopant content where the slope depends on the doping element (see Figure 1a) . The effect is quantitatively in good agreement with results reported by McBride et al. [10] for Gd-and Smdoped ceria and can be understood in terms of ionic radii of the host and guest cations. According to Shannon [11] . TEM analysis has shown that the doped ceria samples consist of nanocrystalline domains sintered together thus forming a developed network of disordered domain boundaries. The average size of the nanocrystalline domains has been determined by XRD and turned out to decline with increasing the dopant content (see Figure 1b) . This is probably due to segregation of dopant cations at the domain surface which hinders its further growth.
The local structure around Ce and dopant cations was studied by EXAFS and WAXS using synchrotron radiation. It was found to be strongly distorted even in pure nanocrystalline ceria [12] and to depend on the type and amount of dopant cations as well. Progressive disordering of the lattice with increasing dopant content is reflected in decline of the intensities of EXAFS peaks. At a high dopant content, a local rearrangement of the structure into that of a lower symmetry is reflected in appearance of new EXAFS peaks [12] . Figure 2 shows the relative intensities of Ce-O (a) and Ce-Me (b) peaks of EXAFS spectra of the Ce-L 3 edge. The analysis of the amplitudes of peaks assigned to different coordination spheres and investigations of the corresponding distances revealed the most uniform distribution in the ceria lattice for the smallest Gd cations. In addition, for Gd-doped ceria, anion vacancies appear to be preferentially located in the coordination sphere of Ce cations, whereas they are mainly associated with the guest cations in the case of a larger dopant (Sm, Bi). Figure 3 shows Raman spectra of Ce 1-x Gd x O 2-y and Ce 1-x Bi x O 2-y systems. For all samples, increasing dopant content results in a decline of the peak intensity. The absolute peak intensity is higher for the Ce 1-x Bi x O 2-y system than for the Ce 1-x Gd x O 2-y system. With increasing dopant content the band position shifts to higher frequencies for the Ce 1-x Gd x O 2-y system while a shift to lower frequencies is observed for Bi-doped ceria. This provides evidence for a local rearrangement of the structure at a high dopant content. For Ce 1-x Sm x O 2-y system, at a low dopant content, the peak intensity also declines. However, at the highest doping level, for this system the intensity increases again due to a local rearrangement of the structure into that of a lower symmetry as revealed by WAXS [12] . Segregation of dopant ions at the surface has been studied by SIMS and XPS [13] . Figure 4 shows the ratio of the secondary ion currents corresponding to Gd and Ce ions for samples with 10% to 50% gadolinium content as a function of sputtering depth. For all samples an enhanced ion current ratio is observed at the beginning of the sputtering which provides a clear indication for segregation of gadolinium ions at the surface. In all cases, after removal of about ~1 nm of substance, the ion current ratio reaches a more or less constant level which indicates a rather homogeneous distribution of the dopant ions in the volume of the nanocrystalline domains.
Segregation of gadolinium ions at the surface was confirmed by XPS. For all samples, the atomic ratio of Gd to Ce as determined from the Gd 3d and Ce 3d peak areas (corrected for the corresponding sensitive factors) significantly exceeded the theoretical value for the case of homogeneous distribution of the dopant ions in the host lattice [13] . A similar situation was observed for Bi-doped ceria samples where Bi 4f and Ce 3d peak areas have been evaluated.
The lattice oxygen mobility was estimated by oxygen dynamic isotope exchange in the temperature-programmed regime. For all samples, 3 rd type of exchange (two surface oxygen atoms take part in the exchange) was shown to dominate [12] . For Ce 1-x Gd x O 2-y and Ce 1-x Sm x O 2-y systems the amount of exchangeable oxygen goes through the maximum at a low dopant content (x=0.2). It correlates with the density of free anion vacancies located in the coordination sphere of Ce cations. The amount of exchangeable oxygen is higher for the Ce 0,8 Gd 0.2 O 2-y system (X s ∼9 monolayers) and oxygen isotope exchange starts at lower temperature (450 o C) than in case of Sm-doped ceria (X s~2 monolayers and 500 o С) (see Figure  5 ). 
CONCLUSIONS
For nanocrystalline ceria samples doped with Gd, Sm and Bi cations prepared via Pechini route, a single-phase fluorite-like solid solution is formed up to the dopant content 50 at.%. Hence, Pechini route ensures rather homogeneous distribution of a dopant in the ceria lattice, though some dopant segregation in the surface layer was revealed. At a high doping level, a strong rearrangement of the local structure around both Ce and dopant cations occurs being more extensive for dopants with bigger sizes. This results in decreasing the concentration of free anion vacancies in the lattice determining the lattice oxygen mobility.
